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Abstract 
The ability to predict the thermal stability of proteins based on their corresponding 
sequence is a problem of great fundamental and practical importance. Here we report an 
approach for calculating the electrostatic contribution to protein stability based on the use 
of the semimacroscopic protein dipole Langevin dipole (PDLD/S) in its linear response 
approximation version for self energy with a dielectric constant, (Hp) and an effective 
dielectric for charge-charge interactions (Heff). The method is applied to the test cases of 
ubiquitin, lipase, dihydrofolate reductase and cold shock proteins with series of Hp and 
Heff. It is found that the optimal values of these dielectric constants lead to very promising 
results, both for the relative stability and the absolute folding energy. Consideration of the 
specific values of the optimal dielectric constants leads to an exciting conceptual 
description of the reorganization effect during the folding process. Although this 
description should be examined by further microscopic studies, the practical use of the 
current approach seems to offer a powerful tool for protein design and for studies of the 
energetics of protein folding.    
 
Keywords: Protein stability; Folding Energy; Dielectric constants; Electrostatics in 
proteins. 
Abbreviations: PDLD/S-LRA, protein dipole Langevin dipole/semimacroscopic with the 
linear response approximation; Lip A, lipase; WT, wild type; EcDHFR, dihydrofolate 
reductase from Escherichia coli; TmDHFR, dihydrofolate reductase from Thermotoga 
maritime; Bs-Csp, cold shock protein from Bacillus subtilis; Bc-Csp, cold shock protein 
from  Bacillus caldolyticus; Tm-Csp, cold shock protein from Thermotoga maritime.  
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I  . Introduction 
 
Understanding the factors that determine the thermal stability of proteins presents a 
fundamental and practical challenge (e.g. [1]). One of the outcomes of a better 
understanding of protein stability should be the ability to predict the trend in stability 
within related proteins or between different mutants of the same protein. Unfortunately, 
despite the progress in the development of models for studying the folding of proteins [2-
10] we still have major problems in predicting protein stability by either microscopic or 
macroscopic models. More specifically, despite the impressive progress in studies of 
protein folding, we still lack a clear understanding of the contributions of electrostatic 
effects to thermal stability and to the overall folding free energy. Experimental studies of 
mesophilic, thermophilic, and hyperthermophilic proteins have provided an excellent 
benchmark for studies in this area [11]. In general, the number of ionizable residues 
increases in hyperthermophiles, indicating that charged residues can be considered to be a 
stabilizing factor. However, some continuum studies have suggested that charged and 
polar groups lead to destabilization [12,13]. It was also suggested [12] that internal salt 
bridges tend to destabilize proteins, although as discussed in ref [14], this study did not 
reproduce the relevant observed energies. Other studies (e.g.[15,16]) appear to support 
the idea that charged residues can help to optimize protein stability.   
The difficulty in reaching clear conclusions on the role of electrostatic interactions in 
protein stability is associated with the fact that we have a competition between 
desolvation penalties, stabilization by local protein dipoles, and charge-charge 
interactions. In the original Tanford-Kirkwood (TK) model of a non polar protein [17], 
both isolated ions and ion pairs should become unstable in the ³SURWHLQ´ LQWHULRU [18].  
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However, the situation is much more complex in real proteins, where charges are 
stabilized by polar groups [18]. Here the balance between charge-charge interactions and 
self-energy can depend drastically on the assumed Hp (e.g. [14]).  
This work attempts to quantify the electrostatic contribution to protein stability and to 
determine its relationship to the assumed dielectric constants. It is found that we can 
obtain promising results while using optimal effective dielectric constants for charge-
charge interactions (Heff) and for self energy (Hp). Furthermore, examining the physical 
basis for the particular values of Heff and Hp to point toward an exciting new picture.    
 
I I . Methods 
2XUVWDUWLQJSRLQWLVWKH$¶o(C) folding process of Fig. 1. In this process we start 
by folding the uncharged protein and then continue by moving the charges from reference 
groups in water to the same groups in the protein. Assuming that the folding energy for 
the uncharged protein is similar for all mutants that involve changes of charged groups, 
we can focus on the electrostatic contribution to folding elecfoldG' .  In this case we can use 
the general expression for the electrostatic energy of different ionization states of a given 
protein at a given pH [19], and obtain [14],  
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where uf and f designate, respectively, the unfolded and folded states. Here, iQ is the 
charge of the ith residue, pi int,pK is the intrinsic pKa (pKa,int) of the i
th residue in its given 
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protein state when all other residues are neutral, Hp is the dielectric constant used in the 
semimacroscopic calculation of  pKa,int, rij is the distance between residues i and j, and Heff  
is the effective dielectric for charge-charge interactions. The nature of Hp and Heff is far 
from trivial and cannot be fully clarified in this short communication. Thus, it is 
recommended that readers who are unfamiliar with these dielectrics read the discussion in 
ref. [14,20]. Overall, Hp determines the intrinsic pKa DQGUHSUHVHQWV WKH³VHOIHQHUJ\´ of 
each charged group. This parameter is not related to the response of the protein to electric 
field but to the method used in the calculations and to the elements included in the 
simulation system. Basically, Hp reflects all the effects that are not included explicitly in 
the given model [20]. On the other hand, Heff is a phenomenological parameter that 
represents the free energy of charge-charge interactions. This parameter reflects the 
compensation of the gas phase charge-charge interaction by the reorganization of the 
solvent and the protein [14]. 
Of course the folding free energy includes nonelectrostatic contributions such as 
configurational entropy and hydrophobic contributions and these contributions depend on 
the path used in Fig. 1. For example, we can write according to Fig. 1,  
 
                                 edunchfufelecfoldedunchfufelecufelecffold argarg GGGGG  G oo '' ''' '    (2) 
 
In this description the electrostatic terms represent the charging process in the folded state 
and the uncharging in the unfolded state, while the non electrostatic is entirely associated 
with the folding of the fully uncharged protein.  The use of this equation for mutations of 
ionized residues of a given protein allows us to focus only on elecfoldG' . 
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 The implementation of Eq (2) requires one to define the structure of the uncharged 
folded protein (B). That is, in order to eliminate the nonelectrostatic contributions in 
studies of mutations of the same protein we need to use the same structure (B in Fig. 1) 
for the  uncharged folded state of all mutants (typically a structure near that of the wild 
type (WT) protein). This can be done by imposing a small constraint that would force all 
the mutants to stay near the WT structure in the charging step. However, more consistent 
electrostatic calculations would start in each case from the structure near that of the 
FKDUJHGPXWDQW%¶LQ)LJ$SSDUHQWO\WKHHp needed to reproduce the observed pKa 
PD\EHGLIIHUHQWIRU%DQG%¶VHHEHORZ 
Now, if we force Eq. (1) to reproduce the change in folding energy of different 
mutants by focusing on the B to C part of the cycle we can use the approximation: 
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The first term in Eq. 3 represents the change of self-energy upon moving a charge 
from water to its site in the folded protein, and the second term represents the effect of 
charge-charge interaction. Here we use Hp¶ WRGHVLJQDWH WKH IDFW WKDW WKH FDOFXODWLRQVRI
the intrinsic pKa of the different residues are done at different structures for the WT and 
mutant V\VWHPV %¶ LQ )LJ :H FKRVH WKLV WUHDWPHQW VLQFH LW VHHPV WR JLYH WKH EHVW
results. However, now we have (pKa.int¶ LQVWHDGRIS.a,int designating the fact that now 
the hypothetical (pKa.int¶should include implicitly the edunchff arg'G o'   contribution. We also 
assume that the last term in Eq. (3) is neglected since )(ufijr is usually larger than )( fijr and 
)( f
effH is smaller than 80. Furthermore, we assumed for simplicity that the same groups are 
ionized in the folded state and unfolded state. 
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It is useful to clarify for the benefit of the subsequent discussion that the first term is 
given by [18], 
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The solvation energy follows the trend of the Born´s energy in the simple case of a 
charge in the center of an hypothetical non polar protein (see discussion in e.g [18,20]). 
Obviously, the non electrostatic term may well be different for different proteins.  
However, if we use the (A) o (C) path of Fig. 1 we can get a different picture since now 
the entire folding process can be described as an electrostatic process where, 
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That is, now the nonelectrostatic effects may be absorbed in the effective dielectric 
for bringing the charged groups from the unfolded to the folded state in the (A) o (C) 
path of Fig. 1.  Of course, this assumption might be a poor approximation, but it clearly 
deserves serious examination. 
The first step in the evaluations of Eq. (3) is the calculations of the pKa,int¶V7KLVLV
done by using the semimacroscopic Protein Dipole Langevin Dipole approach with the 
linear response approximation (PDLD/S-LRA) according to standard protocol using the 
POLARIS module of MOLARIS program [21] (see also [14] and references therein). 
After evaluating the pKa,int¶VZHGHWHUPLQHWKHLRQL]DWLRQVWDWHVRIWKHGLIIHUHQWUHVLGXHVat 
the given pH (here we perform the calculations at pH=7) using the Monte Carlo approach 
described elsewhere (e.g.[21]). This procedure allows us to evaluate the pKa,int and Q for 
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different values of Hp and Heff and then to use Eq. 2 to calculate elecfoldG'  as a function of 
these dielectric constants.  
The proteins studied here were first solvated by the surface constrained all atom 
solvent (SCAAS) model [21] and all the groups that become ionized at pH=7 were 
assigned a charge which is 50% of their full charge at the ionized state (this was 
considered as the optimal procedure for the initial relaxation). The resulting system was 
equilibrated by running a 100 ps molecular dynamics simulation with 1fs time step at 300 
K. Next we equilibrated each system (e.g. each mutant) by running an additional 10 ps 
simulation. After that, we evaluated the pKa,int and the average charge using the PDLD/S-
LRA approach by averaging the corresponding values over the results obtained for 25 
protein configurations (for the charged and uncharged state) each averaged over 2 ps of 
simulation. This procedure could require very extensive calculations where in principle 
we have to calculate the pKa,int for each mutant. However, here we found it reasonable to 
simplify the protocol and evaluate the pKa,int for all residues in a sphere of 10 Å centered 
around the mutated residues, while keeping the pKa,int for the rest of the residues at their 
value in the WT enzyme. The resulting pKa,int at the given Hp  were used with the help of 
Eq. (3) to evaluate the folding energy for each Heff . 
 
I I I . Results 
In this work we explored two issues; (i) our ability to predict the effect of mutations 
of a specific protein by using Eq. (3) with a universal set of Hp¶ and Heff and (ii) the ad hoc 
assumption that Eq. (3) also describes the difference in folding energy between different 
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proteins. This is equivalent to the assumption that the non-electrostatic term in Eq. (4) is 
either constant or small, or to the more likely possibility that Eq. (5) is valid.  
As a starting system we chose the protein ubiquitin, whose folding has been studied 
extensively (for a review see [22]).  The structure of the WT ubiquitin is depicted in Fig. 
2. The residues of interest to this study have been explicitly depicted. In order to compare 
our results with the experimental data [22], we started from a pseudo WT protein where 
residue 45, a Phe, has already been mutated to Trp. Using Eq. (3) we explored the 
dependence of elecfoldG' on Hp¶ and Heff, looking for values of the parameters that best 
reproduce the observed difference in stability of some mutants [23]. The corresponding 
analysis is given in Table 1, and as seen from the table we obtain the trend with Heff = 40 
and Hp¶ RU 
In the second step we examined the performance of the dielectric constants found by 
considering as a benchmark a set mutants of lipase from Bacillus subtilis (Lip A) [24]. 
Lip A is a mesophilic lipase composed of 181 amino acids and the X-Ray 
crystallographic structure that we have chosen contains a single independent molecule in 
the asymmetric unit. This system was chosen recently in an exciting predication 
procedure where enhancing the thermostability of mesophilic enzymes should be made 
possible by increasing the rigidity at appropriate sites [25]. The chosen strategy by Reetz 
et al. [25] has been based on iterative saturation mutagenesis on the amino acids that 
show the highest B factors (or B values, atomic displacements parameters obtained from 
X-ray data) [25] where the rigidity is to be increased. Figure 3 depicts the Lip A system 
and the residues that were involved in the mutational study. The studied mutations from 
the WT structure with their observed T5015 values (the temperature required to reduce the 
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initial enzymatic activity by 50% within 15 min of heat treatment, which is often used to 
quantitatively characterize thermostability and is close to the critical temperature of 
denaturation) are specified in Figure 4A.  
Here again we evaluated elecfoldG' as a function of Hp¶ and Heff. The corresponding results 
are summarized in Table 2. Assuming that T5015 is directly correlated with elecfoldG' , we 
obtain the best agreement with the experimental data by using Hp¶ =40 and Heff =40. The 
resulting relationship between the calculated elecfoldG' and the observed T5015 is depicted in 
Figure 4A and 4B. The success of the present model and the success of Reetz´s approach 
indicate that the rigidity and electrostatic effect are correlated. 
In the next step we tried to explore the ad hoc assumption that elecfoldG' , with the set of 
Hp and Heff found in studies of relative stabilities of mutants of the same protein, somehow 
reproduces the trend in stability between different proteins. We start this exploration by 
considering the folding energy of the mesophilic dihydrofolate reductase from 
Escherichia coli (EcDHFR) [26] and the thermophilic dihydrofolate reductase from 
Thermotoga maritime (TmDHFR) [27]. Assuming that Eq. (3) represents the largest 
contribution to Eq. (4) we tried to establish the range of Hp¶ and Heff that reproduces the 
best agreement between the calculated and observed folding energies. 
The simulated elecfoldG' are given in Table 3 for the different Hp¶ and Heff. If we select Heff 
=40 and Hp¶ =40 or 80 we obtain a good agreement with the observed folding energies of 
-6 kcal/mol and -34 kcal/mol for the monomer and dimer respectively [28,29].  
Obviously, WKH³OHDSRIIDLWK´PDGHLQDVVXPing that the electrostatic contribution to 
folding determines the trend in the overall folding energy cannot be established by two 
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proteins and thus we examined three more proteins with the same approach . This was 
done for the cold shock proteins (Csp) from the mesophilic bacterium Bacillus subtilis 
(Bs-Csp), thermophilic bacterium Bacillus caldolyticus (Bc-Csp) and hyperthermophilic 
bacterium Thermotoga maritime (Tm-Csp). Here again we obtained (see supplementary 
material) the trend in the observed folding energy by using Eq. (3) with Heff =40 and Hp¶ 
=40. In Table 4 we show the melting temperature, the observed folding energies and the 
calculated elecfoldG' for the set of Heff =40 and Hp¶ =40. 
Although the trend obtained in the above studies is very promising, the values of the 
optimal dielectric constants are far from obvious and in some respect puzzeling. That is, 
consistent analysis of the dielectric constants in proteins indicated that the Hp¶ obtained 
with the PDLD/S-LRA approximation should be between 4 to 6 and Heff should be around 
40. While here we found Hp¶ =40, 80 and Heff =40.  
In a preliminary attempt to explore this dielectric trend we turned back to the 
benchmark of the ubiquitin, whose pKa¶V have also been subjected to pKa studies in the 
WT and some of its mutants [30]. In this case we know the observed apparent pKa for 
some acidic residues of the protein and we can examine the optimal Hp and Heff for the pKa 
calculations. The results of our study (Table 5) appear to give a Hp between 6 and 8 which 
is significantly smaller than the values obtained for Hp¶ from the folding studies. The 
origin of this difference will be analyzed below. 
 
IV. Discussion 
This work examined the electrostatic contributions to protein folding by using the 
semimacroscopic PDLD/S-LRA approach for exploring the relationship between the 
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folding energy and Hp¶ and Heff . The elecfoldG' obtained with Hp¶=40, 80 and Heff =40 are very 
promising and seem to offer a practical way for predicting the general trend in protein 
stability.  
As stated in the previous section values of the optimal dielectric constants are 
puzzeling. In particular the high value of Hp¶ seems to be inconsistent with previous 
considerations. We reestablish the fact that the Hp used in semimacoscopic approaches 
with the LRA treatment should be around 6 [14] by evaluating the pKa¶VRIDFLGLFJURXSV
in ubiquitin. However, the Hp¶ that accounted best for the folding energy was found to be 
around 40. The origin of this discrepancy it is likely to be due to the fact that we calculate 
the intrinsic pKa¶V IRU HDFKPXWDQW IURPDQ LQLWLDO VWUXFWXUH WKDW LQFOXGHs the relaxation 
XQGHU WKH LQIOXHQFH RI WKH FKDUJHV RI WKHPXWDQWV %¶ LQ )LJ   7R DFFRXQW IRU WKH
missing reorganization of the B o B¶ relaxation we need to use a larger Hp (Hp¶LQ(T). 
That is, using Eq. (1-3) as well as Fig. 1, we can write, 
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where WT designates wild type, M mutant, MWTQQo''G  is the last term in Eq. (3) and 
MWT
ff
o
o'' 'G is the energy difference for the Bo%¶VWHS. Apparently, )(pKQ ,int pMWTi
i
i Ho''¦  
with the Hp that reproduces pKa¶V (i.e. Hp= 4-8) is much larger than the change in folding 
upon mutations, so that ))''(pK(Q int, pMWTi
i
i Ho''¦  must involve larger Hp¶to account for the 
compensating effect of MWT ff oo'' 'G . Note that )(pK ,int pMWTa Ho' corresponds to the actual pKa. 
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Another way to see this point is to realize that the ('pKa¶LQYROYHVWKHXVHRIDFRQVWUDLQW
or partially fixed structure and as such requires a large Hp to compensate for the missing 
reorganization. 
Although the above discussion is instructive, it may be sufficient in this stage to 
simplify. Note that the optimal values of Hp¶DQG Heff provide a very useful estimate of the 
relative stability of different mutants of the same protein and that other values do not 
seem to give reasonable results. Interestingly, we can also gain additional insight about 
the optimal Hp by considering the (A)o(C) path in Fig 1. In the cases where we compare 
different proteins, it was found that edch fuf argG o'  with large Hp¶ DQG Heff gives a very 
reasonable estimate of the total folding energy. The origin of this surprising finding is not 
fully clear, but it is consistent with the view that the electrostatic energy in this path can 
be represented by the Heff  of Eq. (5). It also indicates that the folding process in the 
(A)o(C) path is similar to the process considered implicitly in studies of polyelectrolyte 
ZLWK D ³VLPSOH´ &RXORPE¶V ODZ W\SH GLHOHFWULF ,Q WKLV FDVH Heff reflects all the 
compensating effects, including the effect of changing the self energy by changing the 
environment of each ionized group. It must be stated at this point that we are not violating 
any electrostatic principal by the above view, since Heff  is  a parameter that describes the 
work of bringing charges from one distance to another and it includes all the 
reorganization effect (see discussion in [18]).  
At present, it is not clear whether the dielectric Heff can or cannot be described by a 
uniform general function. Similarly, it is not clear if we can describe the interaction 
between the charges in the folded protein by the effijji r HQQ term of Eq. (3), while using 
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a uniform Heff. In fact, the use of a uniform Heff  in the calculations of the elecfoldG'  of Eq. (3) 
will be most physical if we start with the partially folded protein when each charge is 
already fixed in its local environment and bring the charges together (see uf, 1o folded in 
Fig. 5). However, it is more likely that in the general case of protein folding we have a 
situation with uf, 2o folded in Fig. 5, which would justify the use of Eq. (5). Thus the 
issue of the nature of Heff boils down to the nature of the electrostatic reorganization 
during the folding process and remains an open question.  
Obviously, a determination of the relative merit of considering path 1 or path 2 cannot 
be determined by simple phenomenological analysis. Here it will be useful to have 
experimental and theoretical analysis of the pKa in the unfolded state and of edunchfuf argG o' as 
well as careful microscopic studies such as the free energy perturbation studies of 
charging and mutations (e.g. see reviews in ref. [14]). However, at present we feel that 
using the present model with the optimal Hp¶ and Heff should provide a powerful tool for 
predicting protein stability. In particular, it will be interesting to see if we can predict new 
extra stable mutants in the series considered in the exciting approach of Reetz and 
coworkers [25].  
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Figure Legends 
 
Figure 1. Two alternative descriptions of the folding of a charged protein. The process 
$¶o(C) involves a folding of the uncharged protein and subsequent charging, while 
(A)o(C) involves an initial charging of the unfolded protein and then folding of the 
charged protein. Structure B is already folded and has the same structure for all mutants, 
ZKLOH%¶LWLVWKHUHOD[HGVWUXFWXUHIRUeach mutant. 
 
Figure 2. X-Ray structure of wild type ubiquitin. The residues that are involved in the 
mutational study are represented in sphere model. 
 
Figure 3. X-Ray structure of lipase from Bacillus subtilis. The residues that are involved 
in the mutational study are represented in sphere model. 
 
Figure 4. (A) Thermostability diagram for the wild type (WT) lipase structure and some 
of its mutants with their observed T5015 values in Celsius. (B) Calculated thermostability 
diagram for the wild type (WT) lipase structure and some of its mutants with their 
calculated folding energy elecfoldG'  (in kcal/mol). The mutations are expressed in their 
simplified nomenclature and are cumulative along the arrows. 
 
Figure 5. A schematic description of the nature of the dielectric effect in the two 
extremes. In the first case (1) the unfolded protein already stabilizes the separated ionized 
groups, while in the second case (2) the ionized groups are not surrounded by protein 
 18 
dipoles in the unfolded protein. The dielectric effect reflects in both cases the change in 
solvation (by the protein and the solvent) during the charge separation process. This 
solvation effect compensates the gas phase energy (-332/R kcal/mol) and the net effect (-
(332/R) + 'Gsol(R) - f' solG ) can be considered as (-(332/RHeff)). The figure also includes 
the short range steric repulsion (Vsteric) between the ions in addition to the 1/R term.  
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Table 1. The dependence of the calculated   elecfoldG'  on Hp¶ and Heff for the ubiquitin 
and two of its mutants(a) 
 
   Pseudo Wild Type ubiquitin (Phe45Trp)   'Gfold, obs= -7.4     
Hp¶  Heff 12 16 40 80 
6 -30.99 -23.46 -8.02 -3.62 
8 -31.34 -23.62 -8.21 -3.8 
20 -31.87 -23.78 -8.42 -4.02 
40 -32.26 -24.05 -8.55 -4.14 
80 -32.55 -24.29 -8.72 -4.3 
 
      Asp21Asn                                                   'Gfold, obs= -6.1 
Hp¶  Heff 12 16 40 80 
6 -15.71 -7.6 6.52 11.15 
8 -19.58 -11.54 2.58 7.26 
20 -26.07 -18.09 -3.98 0.71 
40 -28.73 -20.79 -6.69 -2 
80 -30.02 -22.1 -8 -3.31 
 
      Lys27Ala                                                    'Gfold, obs= -4.4 
Hp¶  Heff 12 16 40 80 
6 -22.01 -14.63 -1.68 1.38 
8 -24 -16.46 -2.84 0.29 
20 -26.94 -19.35 -4.89 -1.4 
40 -28.41 -20.81 -5.98 -2.18 
80 -29.18 -21.58 -6.65 -2.63 
(a) Energies in kcal/mol. In bold we indicate the calculated 
folding energies that are in good agreement with the 
observed folding energies. 
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Table 2. The dependence of the calculated   elecfoldG'  on Hp¶ and Heff for the Lip A and 
some of its mutants(a) 
   Wild Type Lip A             T5015=50ºC 
Hp¶  Heff 16 40 80 
6 -11.91 14.3 21.84 
8 -18.21 7.77 14.91 
20 -28.24 -2.74 4.03 
40 -32.86 -7.62 -1.01 
80 -35.22 -10.14 -3.59 
 
    Mutation 1                      T5015=52ºC 
Hp¶  Heff 16 40 80 
8 -18.17 0.08 7.65 
20 -23.71 -5.12 1.36 
40 -26.43 -7.94 -2.03 
80 -27.81 -9.42 -3.67 
 
    Mutation 2                      T5015=54.3ºC 
Hp¶  Heff 16 40 80 
8 -31.37 5.1 11.66 
20 -40.12 -4.12 2.28 
40 -44.23 -8.48 -2.12 
80 -46.32 -10.68 -4.37 
 
    Mutation 3                      T5015=52ºC 
Hp¶  Heff 16 40 80 
8 -17.85 6.69 13.57 
20 -27.91 -3.85 2.99 
40 -32.43 -8.63 -1.82 
80 -34.75 -11.09 -4.29 
 
    Mutation 4                      T5015=62.8ºC 
Hp¶  Heff 16 40 80 
8 -17.22 5 12.18 
20 -27.22 -5.19 2 
40 -31.66 -9.74 -2.56 
80 -33.92 -12.06 -4.86 
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    Mutation 5                     T5015=100ºC 
Hp¶  Heff 16 40 80 
8 -18.63 2.96 9.27 
20 -24.92 -4.51 1.65 
40 -28.33 -9.93 -2.2 
80 -30.07 -11.27 -4.14 
 
    Mutation 6                     T5015=100ºC 
Hp¶  Heff 16 40 80 
8 -21.98 1.31 8.67 
20 -29.78 -6.98 0.47 
40 -33.61 -10.3 -3.45 
80 -35.55 -12.87 -5.43 
(a)  Energies in kcal/mol. In bold we 
indicated the calculated folding 
energies that present a correlation 
similar to the one that presents the 
observed T5015 values.  
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Table 3. The dependence of the calculated elecfoldG' on Hp¶ and Heff for EcDHFR and 
TmDHFR(a) 
Mesophile monomer            EcDHFR               'Gfold, obs= -6 
Hp¶  Heff 16 40 80 
8 25.47 5.99 11.82 
20 17.73 -2.01 4.34 
40 13.86 -5.87 0.52 
80 11.65 -8.06 -1.73 
Hyperthermophile dimer     TmDHFR         'Gfold, obs= -34 
Hp¶  Heff 16 40 80 
8 -41.28 36.54 59.01 
20 -85.2 -3.81 19.19 
40 -105.12 -24.28 -1.47 
80 -115.08 -34.55 -11.79 
(a) Energies in kcal/mol. In bold we indicate the 
calculated folding energies that are in good agreement 
with the observed folding energies.  
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Table 4. The melting temperature (Tm), the observed folding energy ( obsfold,G' ) and 
the calculated elecfoldG'  for Hp¶  and Heff =40 for three proteins from the Cold shock 
protein (Csp) family (a) 
 
 Tm (ºC) 'Gfold, obs elecfoldǻ*  
Mesophilic Bs-Csp 54 -1.2 -1.5 
Thermophilic Bc-Csp 77 -5 -5.7 
Hyperthermophilic Tm-Csp 83 -6.5 -7.9 
(b) Folding energies are in kcal/mol. 
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Table 5. Calculated and observed pKa¶s for acidic residues of ubiquitin for Heff 20 
and 40(a) 
    Wild Type ubiquitin 
pKa cal Glu18 Asp21 Glu24 Asp32 
Hp pKa, int pKa, app  Heff =20 
pKa, app  
Heff =40 pKa, int 
pKa, app  
Heff =20 
pKa, app  
Heff =40 pKa, int 
pKa, app  
Heff =20 
pKa, app  
Heff =40 pKa, int 
pKa, app  
Heff =20 
pKa, app  
Heff =40 
4 3.92  6.10 5.16 1.28  3.46 2.52 2.84  4.34 3.68 5.24  5.70 5.54 
6 4.05  5.73 4.91 2.16  3.82 3.01 3.32  4.21 3.78 4.79  3.19 4.01 
8 4.11  5.78 4.97 2.59  4.23 3.44 3.57 4.45 4.02 4.57  2.96 3.78 
20 4.17 5.82 5.02 3.36  4.96 4.2 3.94  4.79 4.39 4.24  2.61 3.44 
40 4.23  5.86 5.08 3.63 5.20 4.47 4.12  4.95 4.57 4.07  2.42 3.27 
80 4.27 5.88 5.12 3.76  5.31 4.6 4.21 5.03 4.65 3.98  2.31 3.18 
pKa obs 4.3 3.1 4.3 3.8 
(a) The intrinsic and apparent pKa¶s for Heff =20 and 40 are given above for four acidic 
residues. In bold we indicate the apparent pKa¶s that are in good agreement with the 
observed pKa¶s. The observed pKa¶s are taken from [30] 
 
 
